Deo SH, Fisher JP, Vianna LC, Kim A, Chockalingam A, Zimmerman MC, Zucker IH, Fadel PJ. Statin therapy lowers muscle sympathetic nerve activity and oxidative stress in patients with heart failure. Am J Physiol Heart Circ Physiol 303: H377-H385, 2012. First published June 1, 2012; doi:10.1152/ajpheart.00289.2012.-Despite standard drug therapy, sympathetic nerve activity (SNA) remains high in heart failure (HF) patients making the sympathetic nervous system a primary drug target in the treatment of HF. Studies in rabbits with pacing-induced HF have demonstrated that statins reduce resting SNA, in part, due to reductions in reactive oxygen species (ROS). Whether these findings can be extended to the clinical setting of human HF remains unclear. We first performed a study in seven statin-naïve HF patients (56 Ϯ 2 yr; ejection fraction: 31 Ϯ 4%) to determine if 1 mo of simvastatin (40 mg/day) reduces muscle SNA (MSNA). Next, to control for possible placebo effects and determine the effect of simvastatin on ROS, a double-blinded, placebocontrolled crossover design study was performed in six additional HF patients (51 Ϯ 3 yr; ejection fraction: 22 Ϯ 4%), and MSNA, ROS, and superoxide were measured. We tested the hypothesis that statin therapy decreases resting MSNA in HF patients and this would be associated with reductions in ROS. In study 1, simvastatin reduced resting MSNA (75 Ϯ 5 baseline vs. 65 Ϯ 5 statin bursts/100 heartbeats; P Ͻ 0.05). Likewise, in study 2, simvastatin also decreased resting MSNA (59 Ϯ 5 placebo vs. 45 Ϯ 6 statin bursts/100 heartbeats; P Ͻ 0.05). In addition, statin therapy significantly reduced total ROS and superoxide. As expected, cholesterol was reduced after simvastatin. Collectively, these findings indicate that short-term statin therapy concomitantly reduces resting MSNA and total ROS and superoxide in HF patients. Thus, in addition to lowering cholesterol, statins may also be beneficial in reducing sympathetic overactivity and oxidative stress in HF patients. reactive oxygen species; superoxide; norepinephrine; simvastatin CHRONIC SYMPATHETIC OVERACTIVITY is well characterized in heart failure (HF) patients (2, 24). The elevated sympathetic activity further worsens the HF status being associated with poor prognosis. Indeed, a recent study (2) showed that increased muscle sympathetic nerve activity (MSNA) was a significant independent predictor of 1-yr cardiac mortality in HF patients. However, despite standard drug therapy, sympathetic nerve activity remains high in HF patients making the sympathetic nervous system a primary drug target in the treatment of HF (16, 24). As such, newer drug strategies are needed to reduce the excessive sympathetic overactivity and potentially improve the clinical prognosis for HF patients (17).
CHRONIC SYMPATHETIC OVERACTIVITY is well characterized in heart failure (HF) patients (2, 24) . The elevated sympathetic activity further worsens the HF status being associated with poor prognosis. Indeed, a recent study (2) showed that increased muscle sympathetic nerve activity (MSNA) was a significant independent predictor of 1-yr cardiac mortality in HF patients. However, despite standard drug therapy, sympathetic nerve activity remains high in HF patients making the sympathetic nervous system a primary drug target in the treatment of HF (16, 24) . As such, newer drug strategies are needed to reduce the excessive sympathetic overactivity and potentially improve the clinical prognosis for HF patients (17) .
Multiple clinical trials have shown that statins, 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, reduce cardiovascular events and improve survival in HF patients irrespective of cholesterol-lowering effects (19, 30, 38) . Although more recent trials have challenged these findings (22, 40) , it is interesting to note that previous trials used primarily lipophilic statins (e.g., simvastatin), whereas recent trials used a hydrophilic statin (i.e., rosuvastatin). This is an important distinction since the latter would not cross the blood brain barrier and thus obviate any potential central effects. Indeed, although the underlying mechanism(s) for the potential protective effect of statins in HF remain unclear, recent studies in rabbits with pacing-induced HF have demonstrated that statin therapy reduces central sympathetic outflow. This statin-induced decrease in sympathetic activity appeared to be due, in part, to a reduction in superoxide in the rostral ventrolateral medulla of the brainstem, the primary center for the central control of sympathetic nerve activity (9, 46) . To our knowledge, no studies have examined the effect of statin therapy on oxidative stress in human HF. In addition, only two recent studies have investigated the effect of statin therapy on resting MSNA in HF patients. In the first study (14) , although a reduction in MSNA was reported, all subjects were already prescribed statin treatment and upon entering the study were asked to discontinue taking their statin without any placebo control. Thus this may have introduced an experimental bias as the patients clearly knew when they were on or off the drug. In the second study (20) , no statistically significant effect of statins on resting MSNA was reported even though a 16% reduction in MSNA was observed following statin treatment. Clearly, additional studies are needed to better understand the potential beneficial effect of statins to reduce MSNA in HF patients. Likewise, no attempt has been made in HF patients to understand the potential mechanisms by which statins may reduce MSNA. As noted above, studies (9) in rabbits with pacing-induced HF have demonstrated that statins reduce resting SNA, in part, due to reductions in reactive oxygen species (ROS). However, no studies have been performed to examine whether statins reduce ROS in patients with HF.
Thus the purpose of the present study was to rigorously test the influence of statin therapy on MSNA in HF patients. In addition, to begin to understand the potential underlying mechanisms, markers of total ROS and superoxide were measured. Protocols were performed in two separate groups of statinnaïve HF patients. First, we performed a proof of concept study to determine if 1 mo of statin therapy reduces MSNA, as originally reported in animals with experimental HF (9, 32) . Next, a double blinded, placebo-controlled crossover design study was performed and MSNA, plasma norepinephrine, and total ROS and superoxide were measured. We tested the hypothesis that statin therapy decreases resting MSNA in HF patients and this would be associated with a reduction in ROS.
METHODS
A total of twenty New York Heart Association (NYHA) class I-III HF patients with idiopathic dilated cardiomyopathy were initially recruited into this study. However, primarily due to medical problems leading to changes in medications during the study, some patients were not able to continue. Thus 13 patients successfully completed the protocols. Inclusion criteria included left ventricular ejection fraction Ͻ40% assessed via echocardiography before study enrollment. Exclusion criteria were use of statins, smoking, frequent cardiac arrhythmias that would interfere with MSNA signals, low blood pressure (BP; Ͻ100/60 mmHg), end-stage renal disease, chronic obstructive pulmonary disease, and limb neuropathy. The physical and clinical characteristics of the HF patients are provided in Table 1 . All patient medications were stable for Ն2 mo before commencing the study and apart from the addition of simvastatin were unchanged for the duration of the study. All experimental procedures and protocols conformed to the Declaration of Helsinki and were approved by the University of Missouri-Columbia Health Sciences Institutional Review Board. After receiving a detailed verbal and written explanation of the experimental procedures and measurements, each subject provided written informed consent. All study visits were conducted at ϳ8:00 AM after an overnight fast with the patients withholding medications on the morning of the experiments.
We first performed a proof of concept study in which seven HF patients were studied before and after taking simvastatin (40 mg per day for 4 wk; study 1). This initial study was performed without placebo due to the difficulties of recruiting HF patients who met our inclusion-exclusion criteria and were willing to commit to 2 mo for a study, which is required if a placebo arm is included. However, given the positive results of our initial cohort, the next step needed was to comprise a placebo arm to eliminate concerns of a placebo effect from the initial study results. Thus, to control for a possible placebo effect and also determine the effect of simvastatin on oxidative stress, an additional six HF patients completed a double blind placebo-controlled crossover study (study 2).
Experimental Measurements
Patients were studied in the supine position in a quiet temperaturecontrolled room (23-24°C). Heart rate (HR) was monitored using a lead II electrocardiogram (ECG; model Q710; Quinton Instrument, Bothell, WA). Arterial BP was measured by auscultation of the brachial artery of the right arm using an automated sphygmomanometer (Welch Allyn, Skaneatles Falls, NY). Respiratory movements were monitored using a strain-gauge pneumograph placed in a stable position over the abdomen (Pneumotrace; UFI, Morro Bay, CA). Multiunit recordings of postganglionic MSNA were obtained by inserting unipolar tungsten microelectrodes percutaneously through the intact, unanaesthetized skin and positioned into muscle nerve fascicles of the peroneal nerve near the fibular head. The nerve signal was processed by a preamplifier and an amplifier (Dept. of Bioengineering, University of Iowa, Iowa City, IA), band pass filtered (bandwidth 700 -2,000 Hz), rectified, and integrated (time constant, 0.1 s) to obtain a mean voltage neurogram. MSNA recordings were identified by their characteristic pulse-synchronous burst pattern and increased neural activity in response to an end-expiratory apnea or Valsalva maneuver, without any response to arousal stimuli or stroking of the skin. MSNA was quantified as burst frequency (bursts/min) and burst incidence (bursts/100 heartbeats).
Blood samples were taken and sent to a commercial laboratory for analysis of lipids, liver enzymes, creatine phosphokinase (CPK), and norepinephrine (Boyce and Bynum Pathology Labs, Columbia, MO). Total cholesterol, triglycerides, high-density lipoproteins, and lowdensity lipoproteins (LDL) were measured using radioimmunoassay, while plasma norepinephrine was measured using high performance liquid chromatography.
Experimental Protocols Study 1. During each visit, a blood sample was taken for cholesterol, electrolytes, CPK, and liver enzymes. Patients were then instrumented for the measurement of HR, arterial BP, and respiration after which microneurography was performed to obtain MSNA. After a satisfactory MSNA recording was obtained, there was a minimum of 10 min of quiet rest before 20 min of continuous data collection.
Study 2. Study 2 was performed to control for any placebo effect and also, attempt to provide further insight into the actions of statins by making additional measures including oxidative stress and plasma norepinephrine. A double-blinded placebo-controlled crossover design study was performed with the randomization and medication distribution controlled by the University of Missouri-Columbia Health Sciences pharmacy. For month 1, patients were supplied with 4 wk of blinded simvastatin (40 mg per day) or 4 wk of blinded placebo capsules and then the opposite treatment was provided for month 2. The placebo consisted of encapsulated lactulose, and the pharmacy also encapsulated the simvastatin so that the pills were identical and patients could not identify the statin. Capsules were dispensed per prescription, and the identity of capsules dispensed was determined by the randomization table. The website http://www.randomizer.org/ was used to generate a list of numbers 1-2 for the randomization process.
Upon arrival to the laboratory, an intravenous catheter was placed in the antecubital vein for blood sampling. After a minimum of 10 min, blood samples were drawn for cholesterol, electrolytes, CPK, and liver enzymes as well as measures of ROS and superoxide, as described in detail below. Subsequently, patients were instrumented for the measurement of HR, arterial BP, and respiration after which microneurography was performed to obtain MSNA. Once a satisfactory MSNA recording was obtained, there was a minimum of 10 min of quiet rest, after which 20 min of continuous data were collected. A blood sample for plasma norepinephrine was then drawn. Measurements were performed during three visits: visit 1 (familiarization) and visits 2 and 3 (placebo or simvastatin).
At each visit, blood samples were obtained from the antecubital vein for the determination of total ROS and superoxide using the electron paramagnetic spin resonance (EPR) technique (34, 41) . Samples contained 3.5 mM of deferoxamine methanesulfonate salt (Noxygen Science Transfer & Diagnostics, Elzach, Germany) and 9.08 mM of diethyldithiocarbamic acid sodium (Noxygen Science Transfer & Diagnostics). Initially, samples assigned for the measurements of total ROS and superoxide were incubated with Krebs-HEPES buffer solution and SOD (1,000 U/ml; Sigma Aldrich, St. Louis, MO), respectively, at 37°C for 15 min. Subsequently, both samples were incubated with methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (Noxygen Science Transfer & Diagnostics) spin probe at 37°C for 15 min. After complete mixing, 50 l of each sample were loaded into a 1-cc syringe and flash frozen between buffer solutions to form a continuous frozen plug using liquid nitrogen. Samples were then stored at Ϫ80°C and shipped to the University of Nebraska Medical Center for analyses. Total ROS was measured directly using the methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine probe, while superoxide was calculated indirectly by subtracting SOD treated samples from total ROS.
Data analysis. ECG and MSNA signals were sampled at 1,000 Hz and stored for off-line analysis (Chart v5.2 and Powerlab; ADInstruments, Bella Vista, NSW, Australia). HR, arterial BP, and MSNA were calculated as mean values over a 5-min steady-state period.
MSNA was identified by two experienced microneurographers blinded to the treatment phase of the study. Sympathetic activity was quantified using standard measures; including burst frequency (bursts/ min) and burst incidence (bursts/100 heartbeats). The latter was used for our main comparison because of potential effects of statins on HR and the inherent cardiac synchronicity of MSNA (5, 6, 43) .
Statistical analysis. Adequate sample size was calculated for within group comparisons (e.g., placebo vs. simvastatin) for MSNA burst incidence by applying a desired power of 0.80 and an ␣-error of 5%. Using the effect size of 1.21 to 1.27, the minimum sample size was determined to be four subjects in each group. Statistical comparisons of physiological variables between baseline and poststatin therapy for study 1 as well as placebo and statin therapy in study 2 were conducted using paired Student's t-test. Statistical significance was set at P Ͻ 0.05, and analyses were conducted using SigmaStat (Jandel Scientific Software, SPSS, Chicago, IL) for Windows. Results are presented as means Ϯ SE. Table 1 presents general subject characteristics and existing medications for all HF patients. Patients in both studies were of similar age and had comparable body mass indexes with ejection fractions slightly lower in the study 2 cohort. At entry into the study, all patients were receiving standard treatment for HF primarily including angiotensin-converting enzyme inhibitors and ␤-blockers. amongst patients (range of Ϫ1 to Ϫ28 bursts/100 heartbeats), as can be appreciated from the original records provided in Fig. 1 . However, the individual data in Fig. 2 demonstrate the consistency of these results as MSNA was reduced in all patients. MSNA burst frequency was also lower after statin therapy (50 Ϯ 4 baseline to 44 Ϯ 5 statin bursts/min, P Ͻ 0.05). Study 2. In accordance with study 1, HF patients also demonstrated significant reductions in MSNA burst incidence with simvastatin compared with placebo. Original records of MSNA for all six subjects are provided in Fig. 3 . Again, although variable reductions were observed among patients (range of Ϫ2 to Ϫ30 bursts/100 heartbeats), there was a consistent reduction in MSNA (Fig. 4A) . MSNA burst frequency was also lower after simvastatin compared with placebo (44 Ϯ 6 placebo to 32 Ϯ 5 statin bursts/min; P Ͻ 0.05). Although not statistically different from placebo, simvastatin reduced plasma norepinephrine concentrations in five of six HF patients (Fig. 4B) .
RESULTS

Subject Characteristics
MSNA
Oxidative Stress Measurements
Original total ROS EPR spectra for one HF patient during placebo and statin therapy are provided in Fig. 5 . Compared with placebo treatment, simvastatin reduced total ROS and superoxide in all six patients (Fig. 6 ). Similar to MSNA responses, these reductions in oxidative stress following statin therapy were also variable among the patients (total ROS: range of Ϫ2.0 ϫ 10 6 to Ϫ11.4 ϫ 10 6 EPR arbitrary units and superoxide: range of Ϫ0.4 ϫ 10 5 to Ϫ4.6 ϫ 10 6 EPR arbitrary units). Although there were relationships between the magnitude of the reduction in total ROS and MSNA burst incidence (r 2 ϭ 0.41; P ϭ 0.17) as well as superoxide and MSNA burst incidence (r 2 ϭ 0.27; P ϭ 0.29), these were not significant.
Cardiovascular Parameters
Simvastatin treatment did not affect resting HR (Figs. 2C  and 4D ) or systolic BP (Table 2) . Although diastolic BP and mean BP were reduced following simvastatin in study 1 (Fig.  2B and Table 2 ), no differences in BP were observed between simvastatin and placebo in study 2 ( Fig. 4C and Table 2 ).
Lipid Parameters
As expected, fasting blood cholesterol and LDL levels were significantly reduced following simvastatin therapy, whereas triglyceride and high-density lipoprotein levels were unchanged. There was no relationship between the reduction in low-density lipoproteins and the decrease in MSNA burst incidence following simvastatin (r 2 ϭ 0.04; P ϭ 0.52).
DISCUSSION
The major novel finding of the present study is that shortterm statin therapy concomitantly reduced resting MSNA and ROS in HF patients. Thus, in addition to lowering cholesterol, statins may also be beneficial in reducing sympathetic overactivity and oxidative stress in HF patients. In the current study, 40 mg per day of simvastatin resulted in a consistent decrease in MSNA in all patients leading to an overall reduction of ϳ18%. These findings are in agreement with previous animal studies using a pacing-induced HF model and demonstrating that simvastatin reduced renal sympathetic nerve activity (9) . Furthermore, our findings extend the recent results of Gomes et al. (14) in which discontinuation of existing statin therapy in HF patients caused an increase in resting MSNA and when statins were added back, MSNA was again lower. Indeed, our double blind, placebo-controlled crossover design study eliminates the possibility of experimental bias potentially contributing to the changes in MSNA observed in eliminating and restarting statin therapy. In addition, although Horwich et al. (20) recently reported no statistically significant effect of 10 mg per day of atorvastatin on resting MSNA in HF patients; a 16.2% reduction of MSNA was observed in the treatment group compared with a 2.5% decrease in the placebo group. As noted by the authors, the observed lack of statistical significance may have been because the study was powered to detect a large reduction in MSNA (Ն13 bursts/min), meaning that changes in MSNA of a smaller magnitude may have been missed. These findings also raise the possibility of dose-dependent effects of statins on MSNA. In this regard, studies including varying dosages and types of statins are needed to better understand their potential effects on the sympathetic nervous system.
Findings of 16% (20) and 18% (current study) reductions in MSNA with statin therapy are quite promising given the strong association between resting MSNA and mortality in HF patients (2, 3) . This is particularly important considering that these effects were seen when statins were added to existing standard medical therapy including angiotensinconverting enzyme inhibitors and ␤-blockers, which may also reduce MSNA (4, 15, 29) . Recent findings (28) comparing MSNA in NYHA class IV HF patients reported a 24% lower resting MSNA in the group that survived after an 18 month follow-up. These data lend insight into the potential clinical significance of an 18% MSNA reduction in HF patients following statin therapy. Also, even though clonidine (␣ 2 -and I 1 -receptor agonist) and moxonidine (selective I 1 receptor agonist) have both been shown to reduce MSNA in HF patients, both pharmacological agents have undesirable side effects, which can negate any potential beneficial effects of these drugs on sympathetic overactivity (7, 39) . Thus other treatment strategies aimed at reducing the sympathetic overactivity in HF patients, such as statins, are needed. Indeed, larger scale prospective, placebo-controlled, randomized clinical trials are warranted to validate the initial positive findings in these smaller cohort studies.
In the present study, we have demonstrated for the first time that in statin-naïve HF patients the reduction in MSNA following statin treatment was accompanied by a decrease in total ROS and superoxide. Thus an additional beneficial effect of statin therapy in HF may be to reduce the known elevations in oxidative stress associated with this condition (35) . This becomes quite significant given the well-known deleterious consequences of increased oxidative stress including elevations in central sympathetic outflow (27) .
Numerous studies performed in HF animals have shown that oxidative stress is increased in key brain areas involved in the central regulation of sympathetic outflow, such as the rostral ventrolateral medulla (RVLM; Refs. 9, 10). The increase in ROS in HF appears to be driven by an upregulation of angio- tensin II type 1 (AT 1 ) receptors and NADPH oxidase pathways (10) . One way in which these elevations in ROS production lead to increases in sympathetic outflow is via scavenging of nitric oxide in the RVLM (21) . However, increases in ROS have also been proposed to directly activate or sensitize sympathetic neurons via alterations in membrane ion channel function (31, 44) . Nevertheless, statin treatment has been shown to normalize sympathetic overactivity in association with downregulation of AT 1 receptors and NADPH oxidase expression in the RVLM leading to reductions in local superoxide production (9) . Interestingly, in the present study, the magnitude of the reduction in both total ROS and superoxide in the HF patients appeared to be related to the decreases in MSNA following statin therapy. Although the relationships did not reach statistical significance, these findings are in general agreement with animal studies indicating that greater resting sympathetic outflow in HF is reduced following statin therapy possibly by a reduction in central ROS. These novel findings provide the first insight into the potential mechanism by which statin therapy lowers sympathetic outflow in human HF. Additional studies in this area are warranted. There has been a growing interest in the potential pleiotropic effect of statin therapy to reduce sympathetic outflow in disease states. Two recent studies (36, 37) in patients with chronic kidney disease and primary hypertension have demonstrated a reduction in MSNA following statin treatment. Although the underlying mechanisms were not specifically addressed in these studies, it is of interest that both of these conditions are also associated with elevations in oxidative stress (26, 33) . Furthermore, salt-sensitive hypertensive rats exhibited greater central sympathoexcitation along with higher central oxidative stress due to the activation of NADPH oxidase (8) . These data further support the role of central ROS in mediating sympathetic overactivity in disease and thereby, providing a potential target by which statin therapy reduces sympathetic outflow in pathological conditions.
Studies examining the influence of statin therapy on cardiovascular variables such as HR and BP have provided equivocal results. Hypertensive animals treated with statins exhibited a reduction in HR (18) . In agreement, simvastatin administered to hypertensive patients decreased resting HR, while improving cardiac baroreflex sensitivity compared with a placebo treated group (25) . However, other studies have demonstrated no effect of statin treatment on HR in hypertensive as well as hypercholestrolemic patients (1, 37) . Likewise, in the present study, we did not observe any changes in resting HR following simvastatin in HF patients. These findings are not surprising given the equivocal results in pacing-induced HF animals treated with simvastatin (9, 11) . In addition, a plausible explanation for the lack of an effect in HF is that all patients were taking ␤-blockers as part of their standard treatment. Indeed, imaging studies in patients with dilated cardiomyopathy have suggested that statins decrease HR via a reduction in cardiac sympathetic nerve activity (42) . However, an effect of statins on parasympathetic nerve activity cannot be discounted (45) . In regards to BP changes following statin therapy, there is also equivocal evidence with studies demonstrating reductions or no changes in BP (1, 12, 13, 37) . Likewise, we observed a reduction in mean BP in study 1 but not in study 2. The reason for these variable responses is unclear. Overall, discrepancies in findings regarding statin treatment need to be carefully evaluated as studies have used diverse patient groups, as well as different statins at varying dosages and durations making comparisons between studies difficult.
The influence of lowering cholesterol on MSNA remains unclear. Although we observed a significant reduction in LDL demonstrating the effectiveness of simvastatin as well as patient compliance with the treatment regimen, no relationship was observed between the decreases in LDL and MSNA following statin therapy. Likewise, animal studies (32) have indicated that the reduction in central sympathetic outflow in HF with statins appears independent of cholesterol lowering in that cholesterol levels were not significantly changed with simvastatin treatment. Despite the relatively consistent reduction of resting MSNA following statin therapy in the present study, a significant decrease in plasma norepinephrine was not observed. However, this appeared to be due to one patient who exhibited a slight increase in norepinephrine with statins. Interestingly, this patient had the smallest change in MSNA following statin therapy (Fig. 4) . Nevertheless, it should be noted that plasma norepinephrine measures are dependent on rates of removal of the neurotransmitter from plasma and not just sympathetic outflow and norepinephrine release, whereas MSNA constitutes a direct measure of central sympathetic outflow. This may explain why statin treatment reduces MSNA but does not have a consistent effect on plasma norepinephrine (14, 18, 23) .
In summary, the present study is the first to demonstrate that short-term statin therapy lowers resting MSNA along with systemic oxidative stress in HF patients. Collectively, these findings highlight that aside from lowering cholesterol, statin therapy may provide additional benefits towards lowering the risks associated with cardiovascular disease including reductions in sympathetic activity and oxidative stress. 
